We calculate the supersymmetric O(α s ) QCD corrections to the widths of the Higgs boson decays H + →tb and H 0 , A 0 →tt,bb in the on-shell scheme within the Minimal Supersymmetric Standard Model. We find that the QCD corrections are significant, but that the squark pair decay modes are still dominant in a wide parameter region.
Introduction
It is well known that the Minimal Supersymmetric Standard Model (MSSM) [1] predicts the existence of five physical Higgs bosons h 0 , H 0 , A 0 , and H ± [2, 3] . In order to facilitate experimental Higgs boson searches it is necessary to perform a thorough theoretical study of their decay branching ratios [4] . Their decays into supersymmetric (SUSY) particles can be very important if they are kinematically allowed [5, 6, 7, 8] . The decays into the 3rd-generation squarkst andb can play a special rôle because they can be much lighter than the other squarks and the decays can be strongly enhanced due to their large Yukawa couplings and their largeq L −q R mixings [6, 7, 8] . The tree-level results of Refs. [6, 8] show that the decay modes H + →tb and H 0 , A 0 →tt,bb can be dominant in a large region of the parameter space of the MSSM, and that this could have an important impact on searches for H + , H 0 , and A 0 at future colliders. The SUSY QCD corrections to the decays H + → tb and H 0 , A 0 → tt, bb can be large [9] . This suggests that the QCD corrections to H + →tb and H 0 , A 0 →tt,bb could also be large. Therefore it is very important to examine whether the results of Refs. [6, 8] remain valid after including the QCD corrections. In Ref. [10] it was shown that the QCD corrections to H + →tb can be significant in the DR renormalization scheme, but that they do not invalidate the result in Ref. [6] on the dominance of the H + →tb mode in a large parameter region.
In the present paper we extend our study to the decays of the charged and neutral Higgs bosons. We use the on-shell scheme which is more appropriate for the discussion of physical observables. We calculate the complete O(α s ) QCD corrections to the widths of the decays H + →tb and H 0 , A 0 →tt,bb within the MSSM including all quark mass terms andq L −q R mixings. The main complication here is that theq L −q R mixing angles are renormalized by the SUSY-QCD corrections. This problem was first solved in Ref. [11] in the treatment of e + e − →qq, where a suitable renormalization condition for the squark-mixing angle was found. The method was also applied in [12, 13, 14, 15] toq i → qχ 0,± j and t →t 1χ 0 1 . In the present study we use the renormalization prescription as given in [11] . Furthermore, we point out that special attention must be paid to the soft SUSY-breaking parameter MQ, which enters the stop and sbottom mass matrices: in the on-shell scheme, the renormalized MQ in the stop sector is different from that in the sbottom sector. We find that the QCD corrections to the squark pair widths are significant, but that the squark pair modes (H + →tb and H 0 , A 0 →tt,bb) are still dominant in a wide parameter range.
The mass eigenstatesq i (i = 1, 2) (with
The tree-level decay width of H k →q iq j is then given by (see Fig. 1a )
For k = 1, 2, 3 H k denotes the neutral Higgs bosons (i. e.
, and the H kq * iq j couplings [2, 3] are given by
Here g is the SU (2) 
QCD corrections
The O(α s ) QCD virtual corrections to H k →q iqj stem from the diagrams of (5) and the tree-level couplings of eqs. (7) - (12) , have to be renormalized. These are the soft-SUSY-breaking squark masses MQ ,Ũ,D , the quark masses m t,b , the trilinear couplings A t,b , the squark masses mq 1,2 , and the mixing angles θt ,b (α, β, and µ are of course not renormalized by QCD). In this paper we use the on-shell renormalization scheme.
The one-loop corrected decay amplitudes Gq corr ijk can be expressed as
where Gq ijk are defined by eqs. (7) - (12) in terms of the on-shell parameters, and δGq
ijk and δGq (w) ijk are the vertex and squark wave-function corrections, respectively. δGq
ijk denotes the counterterm caused by the on-shell renormalization. They get contributions from the gluon, gluino and squark exchange. (Again the upper indexq has to be omitted for k = 4.) The gluon exchange contributions to the vertex corrections are (see Fig. 1b )
The gluino exchange contributions to them are (see Fig. 1b )
and
The vertex corrections due to the four-squark interaction are (see Fig. 1b )
, a q , y 1 , and y 2 in eqs. (15), (16), and (17) are the Yukawa couplings [2] :
with
C F = 4/3, δ ij is the unit matrix, ǫ ij is totally antisymmetric with ǫ 12 = 1,
and mg is the gluino mass. A gluon mass λ is introduced to regularize the infrared divergences. The UV divergences are regularized by dimensional reduction (DR) [16, 17] which preserves supersymmetry at least at one-loop order. We use the usual one-, two-, and three-point functions A 0 , B 0 , B 1 , and C 0 [18]:
In these integrals kq i and −kq j are the external momenta ofq i andq j , respectively.
The squark wave-function corrections δGq (w) ijk can be expressed as
Here and in the following i = i ′ and j = j ′ . Πq ij (k 2 ) are the one-loop corrections to the two-point functions ofq iq j , which are obtained from the graphs of Fig. 1c .Π(k 2 ) denotes the derivative with respect to k 2 . The last two terms in (24) represent the corrections due to squark mixing. Note that for H + decay (k = 4) the subscripts i and i ′ are attached tot and j and j ′ tob. The explicit forms of the self-energies and their derivatives of the diagonal parts are
Now we discuss the shifts δGq
ij2 in eq. (13). From eqs. (7) and (8) it follows:
Using eq. (5) one further gets:
From eqs. (7) and (8) it directly follows:
To get the correction terms δGq
ij1 one makes the same replacements as in eq. (9):
For the couplings to the A 0 boson, eqs. (10) and (11) one gets the correction terms
where cot β (tan β) has to be taken forq =t (b). For the H + →tb (k = 4) we have
We now give the formulae for δm q , δ(m q A q ), and δθq in the on-shell scheme. These terms consist of three parts, denoted by the superscripts g,g, andq. Therefore we can write δGq
ijk . Since the renormalized m q is taken to be the pole mass, one gets
, and
from the graphs of Fig. 1d . Note that δm (q) q = 0 because there is no corresponding Feynman graph. The on-shell renormalization of the squark mixing angle θq and m q A q is, however, not straightforward. Here we adopt the following procedure: We start from squark pole masses mq i and the on-shell mixing angle θq which will be defined later. The other on-shell parameters (MQ ,Ũ ,D , A q ) for squarks are then defined in terms of the above mq i and θq by the tree-level relations eqs. (1)- (5) . In this scheme δ(m q A q ) takes the form
) cos 2θqδθq +δm q µ{cot β, tan β} ,
where cot β (tan β) is forq =t (b). Here one has δm Next we have to define the on-shell renormalized squark mixing angle θq. We treated this problem in [11] in the case of e + e − →q iqj . We fixed the counterterm of the mixing angle δθq such that it cancels the off-diagonal part of the squark wave-function corrections to e + e − →q 1q 2 . Here we use the same scheme and take δθq = δθ
from [11] : In our calculation we need the on-shell parameters (MQ ,Ũ,D , A q ). In a combined treatment of both the stop and the sbottom sectors in the on-shell scheme we have to pay special attention to the parameter MQ. This is necessary for the calculation of the decay width of H + →tb and of the branching ratios of Higgs decays. At tree-level and in the DR scheme the parameter MQ in the stop and sbottom mass matrices must be equal because of SU(2) L symmetry. In the on-shell scheme, however, this is not the case. The shifts from the DR parameters to the on-shell (i. e. physical) ones are different for the stop and sbottom sectors:
In this paper we take MQ(t)| os as the on-shell input parameter. This then leads to a shift of M 2 Q in the sbottom sector:
As all physical parameters are finite, the shift δM
(b) has to be UV convergent. We have checked that this is indeed the case.
The one-loop corrected decay width to O(α s ) in the on-shell scheme is then given by
We have checked the UV convergence of the amplitudes Gq corr ijk of eq. (13) and hence also of Γ(H k →q iq j ). The width of eq. (46) is still infrared divergent.
The infrared divergences in (46) are cancelled by including the O(α s ) contribution from real gluon emission fromq i andq j (see Fig. 1e ). The decay width of
(47) The functions I n , and I nm are defined as [18]
.
The explicit forms of I i 1 ...in are given in [18] . In (47), I 11,22,12 are infrared divergent. We have checked that the infrared divergences in (47) cancel those in (46). In the numerical analysis we define the corrected decay width as
Numerical results and conclusions
We choose {m A 0 , m t,b , M, µ, tan β, MQ(t), A} (with MQ(t) ≡ MQ(t)| os ) as the basic input parameters of the MSSM, taking M = (α 2 /α s (mg))mg = (3/5 tan 2 θ W )M ′ , MQ(t) : MŨ : MD : ML : MẼ = 1 : 
, and (ML ,Ẽ , A τ ) are the mass matrix parameters of the slepton sector [6, 8] . We take m t = 175 GeV, m b = 5 GeV, m Z = 91.2 GeV, m W = 80 GeV, sin 2 θ W = 0.23, α 2 = 0.0337, and
)}, with α s (m Z ) = 0.12, and the number of quark flavors n f = 5(6) for m b < Q ≤ m t (for Q > m t ).
We define the QCD corrections as the difference between the O(α s ) corrected width Γ corr (H k →q iqj ) of eq. (49) (i. e. eqs. (46) plus (47)) and the tree-level width Γ tree (H k →q iqj ) of eq. (6) with MQ = MQ(t) for both thet andb mass matrices.
Note that mt i = m ) is the on-shellq i -mass at one-loop level (at tree-level). This shift is calculated by taking α s at the scale MQ(t) in eq. (44).
In order not to vary too many parameters, in the following we take the values of M, µ, and tan β such that mχ0 is the lighter chargino. We see that in these cases thetb mode (the sum of thett andbb modes) dominates the H + decay (the H 0 and A 0 decays) in a wide m A 0 range at the tree-level, and that the QCD corrections to thetb mode (thett andbb modes) are significant, but that as a whole they do not invalidate the dominance of thetb mode (the sum of thett andbb modes). Our calculation includes the leading Yukawa corrections to the Higgs sector as in [6, 8] . Note that m H + ≃ m H 0 ≃ m A 0 in the m A 0 range shown here, and that the A 0 does not couple tot iti andb ibi (i = 1, 2). As for h 0 decay, we have found that the decay h 0 →t 1t1 is kinematically allowed only in a very limited region of the MSSM parameter space [8] .
In Table 1 
. We see again that the QCD corrections are significant, but that theqq modes dominate the H + , H 0 , and A 0 decays in a wide region also when the QCD corrections are included. We have found that our results are rather insensitive to the assumptions on the ratios of MŨ ,D,L,Ẽ /MQ(t) and A b,τ /A t . Here we note that for large tan β (and large |µ|) we often get negative corrected widths for some of theb-involved modes (i. e. theb ibj andt ibj modes) depending on the values of the other input parameters. This is mainly due to a large value of the third term of δ(A b m b ) of eq. (40) for large tan β which leads to large values of the shifts δGb In conclusion, we have calculated the O(α s ) QCD corrections to the decay widths of H + →tb and H 0 , A 0 →tt,bb in the on-shell scheme, including all quark mass terms andq L -q R mixing. We find that the QCD corrections are significant, but that they do not invalidate our previous conclusions at tree-level about the dominance of thẽ tb, andtt,bb modes in a wide MSSM parameter region.
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